Micro-structural instability at the surface that develops during solution heat treatment of a typical third generation Ni-base superalloy, CMSX10N has been reported. It is shown that elemental Ni vaporizes from the surface during solutioning leading to de-stabilization of c phase. With increasing extent of vaporization, a phase mixture of b, c¢, and the refractory (W and Re-rich) precipitates occur within the surface layers resulting in the complete breakdown of the cuboidal c/c¢ phase morphology that is usually observed. It is demonstrated that the conditions at the surface have a marked effect on the vaporization kinetics and subsequent evolution of surface phases-the presence of a continuous dense oxide such as Al 2 O 3 or the presence of sacrificial Ni-foils interspersed in the furnace significantly suppresses elemental vaporization from the sample surface.
I. INTRODUCTION
THE newer generations of Ni-base single-crystal superalloys, such as CMSX10N, were designed specifically for improved creep strength and therefore contain increasing amounts of refractory alloying elements such as Re, Ta, and W. [1] However, the significant partitioning behavior of elements, such as Ta and notably Re, results in a severely segregated as-cast microstructure and nonequilibrium inter-dendritic eutectic phases. [2] [3] [4] [5] [6] Therefore, a homogenization treatment is required to dissolve the eutectic and to eliminate the cored microstructure. During solutioning, the alloy is heated to the c phase field above the solvus temperature. The dissolution of the non-equilibrium phases occurs along with homogenization of the microstructure and is governed by long-range diffusion of solute. Following solutioning, subsequent aging treatments are carried out on the homogenized alloy to precipitate c¢ from the c matrix at lower temperatures, where the main aim is to obtain the optimum cuboidal c/c¢ morphology required for hightemperature creep strength.
While there are extensive studies that consider the kinetics of homogenization and dissolution of eutectic phases within the bulk microstructure, [7] [8] [9] [10] it has been recently shown that a very different response is exhibited by the surface, where an anomalous microstructure develops following solutioning. [11] Specifically, de-stabilization of c phase was observed, and the surface layer showed a mixture of c¢ and refractory-rich precipitates, which is markedly absent within the bulk of the sample. The stabilization of c¢ arises from enrichment in Al, while the formation of refractory-rich TCP phases incorporates the excess W and Re. To account for the evolution of this microstructure, it was proposed therefore that volatilisation of Ni and Cr occurs from the surface during solutioning, which is consistent with the high vapor pressures for both these elements in vacuum. [12] It is common practice therefore for solution heat treatment to be carried out under a partial pressure of an inert gas, such as Ar rather than in vacuum to prevent the volatilisation of high vapor pressure elements, such as Cr from the surface of a casting. A particular application where this principle is critical is in brazing, where the elemental vapor pressure is quite high at the melting point of these alloys. [13, 14] Other applications, where elemental vaporization is also critical is in electron beam melting; e.g., in refining of Tibase alloys, where evaporation of Ti from the liquid residing in the hearth occurs, in a vacuum atmosphere. [15] This clearly demonstrates that ''surface effects'' need to be considered, and the notion of a ''closed system'' for mass balance considerations might not necessarily be correct. However, notwithstanding this preliminary study, [11] many aspects remain un-answered. The principal ones being;
Solutioning is not carried out strictly in vacuum, but there is the localised circulation of Ar (carrier gas) and therefore, vaporization kinetics cannot be determined in a straightforward manner using the Langmuir equation. [16] The nature and type of the as-cast oxide will have a profound effect on the rate of vaporization; the casting surface is covered in part by an Al 2 O 3 reaction layer, while in some regions, where mold/metal separation had occurred during casting, a ''scaled'' NiO layer is observed which arises from subsequent oxidation of the bare surface. [17] The as-cast microstructure at the surface of the casting varies; in some cases a layer of eutectic is observed ''proud'' of the secondary dendrite arms, unlike in other instances, the microstructure comprises dendrites and intermittent inter-dendritic channels (eutectic phases) that abut the surface. [18] The purpose of this article is to elucidate these aspects more clearly. Specifically; (i) The occurrence of vaporization is demonstrated unambiguously through a novel experiment where the Ni vapor pressure in the furnace chamber can be varied to study the effect on vaporization.
(ii) The role of the surface oxide in vaporization is also demonstrated through carefully controlled pre-oxidation experiments and possible mechanisms assessed. (iii) Finally, the resultant solute re-distribution within the surface layers that follow vaporization is quantitatively dealt with using a simplified approach to determine the evolution of phases, and limitations of this method are outlined.
In this study, the third generation alloy, CMSX10N whose nominal composition is given in Table I is considered owing to its prevalence as the alloy of preference for intermediate pressure turbine blades, where this effect is often observed. It is also worth highlighting that there are consequences arising from such an anomalous morphology on the surface of turbine blades developing during heat treatment. The decreased aerofoil section thickness with the optimum cuboidal c/c¢ morphology results in a reduction in thickness of the load-bearing cross-section of the aerofoil during service and subsequently having a detrimental effect on creep properties.
II. EXPERIMENTAL

A. Casting and Heat Treatment Experiments
Directional solidification was carried out at the Precision Casting Facility, Rolls-Royce, plc, Derby, UK. Cylindrical test bars (70 mm in length with a 10 mm diameter) were cast in an industrial directional solidification furnace. The basic parameters included the following; furnace heater temperature nominally 1773 K (1500°C), vacuum level of the furnace chamber was maintained at 0.1 Pa (10 À6 atm), and a mold withdrawal rate of around 5 Â 10 À5 m s À1 was used. Additional details are available elsewhere. [14] Solution heat treatment of the samples was carried out in a TAV vacuum furnace at the University of Birmingham, UK. All solutioning experiments were conducted in an Ar atmosphere at a pressure of 2 Â 10 À4 atm (0.2 mBar). The test bars were located in alumina boats and positioned in the center of the furnace, which was fitted with eight thermocouples at the corners and one at the center of the load. The heat treatment cycle consisted of a ramp with intermediate temperature holds followed by an isothermal hold at the final solutioning temperature, 1633 K (1360°C). The time corresponding to the ramp cycle was 10 hour and this was subsequently followed by a 1-hour hold at 1633 K (1360°C). Quenching at the end of the soak cycle was done using a forced argon flow resulting in a cooling rate of approximately 90 K min À1 . In a second experiment, the test bars were positioned in alumina boats as before; however, dispersed sheets of Ni-foils were interspersed between the test bars. The thickness of the foil was 100 lm. In yet another experiment, the test bars were pre-oxidised prior to solutioning and subsequent solutioning carried out in the absence of Ni-foil. This was done both in air as well as in a partial pressure of Ar. In the case of air, a standard Carbolite muffle furnace at the Precision Casting Facility (Derby), Rolls-Royce plc, Derby, UK was used. The samples were heated at 10 K min À1 upto 1373 K (1100°C) followed by an isothermal hold for 4 hour, after which the samples were air-cooled to ambient temperature. In the latter, this was done in a standard Vacuum Furnace Engineering vacuum furnace at Turbine Surface Technologies Limited, Nottingham, UK. The samples were heated at 10 K min À1 under an Ar atmosphere at a partial pressure of 5 Â 10 À4 atm (0.5 mBar). The samples were held to 1373 K (1100°C) for 4 hour and subsequently vacuum cooled to ambient temperature.
B. Micro-structural Characterization
Orientation measurement (Electron Back-Scatter Diffraction)
Aerofoil cross-sections for micro-structural characterization were prepared by initial grinding using SiC paper and a final polishing using 9 and 3 lm diamond paste. For electron back-scatter diffraction (EBSD), the samples were mechano-chemically polished using colloidal silica on a Vibromet for 8 hours. All scanning electron microscopy (SEM) analyses were performed using a dual beam (FEI Nova 600 nanolab) scanning electron microscope. Back-scatter electron images (BEI) were collected using a retractable solid-state back-scatter detector using high (20 kV) and low (5 kV) electron beam accelerating voltages; the images collected at lower voltages possessed increased grain channeling contrast, while those at the higher voltage possessed increased compositional contrast. Chemical analysis was undertaken in this system at 20 kV using a 50 mm 2 Octane Silicon Drift Detector (SDD) from EDAX. Kikuchi patterns for EBSD were collected using a Hikari XP camera (EDAX). Patterns were collected and indexed according to the Ni structure file at a rate of 300 frames sec À1 . A beam voltage of 20 kV with a current of 6.6 nA was used. The working distance varied between 5 and 10 mm. Orientation data were collected and analysed using OIM software (version 6.2) from EDAX. Images were displayed without cleaning as image quality (IQ) and image quality overlaid with grain orientation (inverse pole figure) maps.
Transmission Electron Microscopy (TEM)
To study the grain boundary chemistry in the thermally grown oxide (TGO), transmission electron microscopy (TEM) was used. A sample was prepared perpendicular to the TGO layer using a FEI Nova 600 Nanolab dual beam focussed ion beam (FIB) field emission gun scanning electron microscope equipped with an omniprobe micromanipulator. A standard in situ lift out procedure was used to extract the lamellar, attach it to a copper omniprobe half grid and thin to electron transparency. Care was taken to ensure that the sample prepared had a uniform thickness of around 200 nm. In addition TEM samples of the oxide layer on un-mounted samples from scaled and un-scaled regions were prepared in a similar way.
TEM analysis was conducted in a FEI Tecnai F20 operating at 200 kV. The system was operated in STEM mode, and complementary bright field (BF) and high angular annular dark field (HAADF) images were collected. Chemical analysis was undertaken in the system using a windowless Xmax 80N energy dispersive spectroscopy (EDS) SDD. To assess the chemical variation across the sample, spectrum maps of the sample and line-scans across grain boundaries were collected under high current conditions without pulse pile up correction. In addition to maximum sensitivity, the composition of a grain boundary was compared to that of the grain interior by collecting for 30 seconds live time.
III. RESULTS
A. Microstructure Evolution within the Surface Layer
The macrostructure corresponding to test bars in the open boat is shown in the BEI in Figure 1 (a)-its surface has an ''undulating'' morphology (inset). Three distinct layers are observed as one transverses from the surface to the matrix; top layer (white box), intermediate layer (white dotted box) and a polycrystalline layer (white circle) growing into the substrate. The polycrystallinity observed in the BEI mode arises from imaging with a low energy incident electron beam (5 kV), resulting in enhanced channelling contrast. The following points can be made:
(i) The surface layer is clearly polycrystalline in nature and grows into the substrate, as is evident from EBSD derived inverse pole figure (IPF) map in Figure 1 Â Ã atomic ratio from EDS analysis. Dispersed Al 2 O 3 stringers having the black inter-woven morphology also exist at the periphery of the b grains, Figure 1(b) . Importantly, at the interface between the top and intermediate layer, extensive porosity and cracks are observed (Figure 1(a) ).
An important inference therefore follows from (ii), (iii,) and (iv)-the original surface of the test bar is defined by the extremity of the intermediate layer, i.e., the boundary between the intermediate layer and the topmost layer demarcates the surface of the test bar (cracked interface). It follows therefore that the top layer (b phase) constitutes a condensate that forms on the surface of the test bar. The polycrystalline nature of the b-grains within the top layer arises since b phase condenses from the vapor phase in the form of crystals with a large range in orientations during quenching. Subsequent oxidation of these polycrystalline b grains occurs in situ during cooling following quenching to form Al 2 O 3 (dispersed Al 2 O 3 stringers), which is unequivocal evidence for the formation of the condensate layer (Figure 1(b) ).
The condensate layer gives valuable insight into the elemental species that have vaporized. Figure 2 (a) refers to a plan view of the surface of the bar and clearly shows the ''cauliflower-type'' morphology of the condensate b layer. A similar morphology was also observed on the surface of a ceramic tile in the line-of-sight of the test bar that also served to trap the condensate (cold trap) during the quench. A cross-section through this layer is presented in Figure 2 (b). Here, the outer Pt layer is deposited during FIB milling of the trench, and the Al 2 O 3 substrate (tile) is annotated in Figure 2 (b). Transmission electron microscopy (TEM) foils were prepared from this region and the composition determined using EDS. Ten positions were chosen within the foil and the compositions (at. pct) are as follows; Al = 38.4, Cr = 0.9, Co = 1.9, and Ni = 58.7. While there is vaporization of Cr and Co, this loss is minor when compared to that of Ni and Al and from the EDS determined atomic ratios, it is seen once again that this condensate layer was b phase, i.e.,
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Â Ã , cf. measurements on cross-section of the bar.
Since the condensate layer is b phase, there must be vaporization of both Ni and Al from the surface of the bar during solutioning. The extent of vaporization is determined by the vapor pressure, and in vacuum, it is given by the Langmuir equation. [16] In case of ideal solid solutions, this can be modified to consider the respective mole-fractions. However, in the case of non-ideal solutions, this is not straightforward, since interactions between the solute elements have to be considered, and reliable experimental data are lacking. Also importantly, the nature i.e., porosity and volatility of the native surface oxide will also have a marked effect on the vaporization rate from the surface of the bar. Both these aspects have to be considered.
Also for comparison, a low magnification BEI corresponding to the cross-section of a test bar in the as-cast condition is given in Figure 1 (e). It clearly shows the dendrite cross-section, which is segregated in W and Re (bright contrast), and there is the presence of the interdendritric eutectic (c + c¢) between the dendrite lobes both within the bulk cross-section as well as isolated channels between abutting dendrite lobes at the surface. This again reinforces the fact that micro-structural instability exclusively develops at the surface during solutioning.
B. Characterization of Surface Oxides
The extent of vaporization is dictated by the nature of the oxide on the surface of the bar, since some oxides present a physical barrier to elemental loss. The test bars in these solutioning experiments were directionally solidified in single crystal form. Under these processing conditions, it has been shown that different oxides characterize the surface, i.e., the so-called ''scaled'' and ''un-scaled'' regions. The formation of the type of oxide is governed by mold/metal separation that occurs during mold withdrawal from the furnace during casting. [17] When the mold and metal are in contact, a reaction layer of Al 2 O 3 forms on the surface of the casting (formed by the reaction between SiO 2 -based mold prime coat and Al in the metal) and referred to as un-scaled region, but in regions where the metal has subsequently delaminated from the mold wall, this layer is stripped from the metal surface and retained on the mold wall. The ''bare'' surface of the casting subsequently undergoes rapid transient oxidation resulting in the formation of an outer NiO and an inner mixed Ni, Cr, Ta, Albased spinels, and referred to as the scaled region, owing to its texture. [17] Such oxides exist over the surface of the test bars prior to solutioning, and it is therefore, important to ascertain the thickness and the extent of coverage of these oxides across the surface in more detail. Figure 3 (a) is a HAADF STEM micrograph of a sample prepared from the scaled region and clearly shows the dual oxide layer. The outer oxide is NiO, and the EDS spectrum acquired from this region also shows some solubility of Co; Figure 3 (b). The Cu peak is an artifact and arises from X-rays generated from the Cugrid used for the TEM samples. On the other hand, the inner oxide shows a highly convoluted and inter-woven morphology. A characteristic EDS spectrum from this region shows that this oxide comprises Ni, Al, and Cr; Figure 3 (c). This fine morphology coupled with similar lattice parameters of the spinel phases preclude analyses by diffraction using selective area diffraction mode in the TEM to uniquely identify these mixed oxides; however, mixed oxides of CrTaO 4 , NiAl 2 O 4 , and AlTaO 4 have been reported by Younes et al. [19] during oxidation of the third-generation alloy, CMSX10K upto 50 hours. The un-scaled region on the other hand presents a more interesting proposition. The existence of the Al 2 O 3 reaction layer, which is adherent to the surface should present a ''physical'' barrier to elemental vaporization, if it occurs uniformly across the surface. Two aspects were therefore considered; (a) To determine the extent of coverage of the Al 2 O 3 reaction layer on the un-scaled region of the as-cast surface, the bar was in the un-blasted condition, and in this instance, pre-oxidation was done in air. The rationale being that within the un-scaled regions where the Al 2 O 3 reaction layer had locally spalled off from lack of adherence, following removal of the test bar from the mold, subsequent oxidation in air would result in the formation of a duplex oxide layer, with an outer layer of NiO in these regions. Figure 4 (a) is a micrograph that is a plan view of the surface and clearly shows different oxide morphologies. The dark regions refer to Al 2 O 3 , while the bright regions clearly appear ''raised'' and show a finegrained structure. A slice perpendicular through the surface through this oxide using FIB (ion beam image) is presented in cross-section in Figure 4 (b), and the spectra corresponding to the different regions through the slice indicate an outer NiO (dissolved Co) and an inner mixed Ni, Al, Cr, and Ta oxide. Therefore, from Figure 4 (a), it is clear that the reaction layer coverage is poor, and there is an appreciable portion within the un-scaled region, where the Al 2 O 3 reaction layer had indeed spalled. However, where Al 2 O 3 is observed in Figure 4 (a), this corresponds to the reaction layer formed during casting that has adhered to the metal surface even during removal of the test bar from the mold. An important inference can therefore be made-the initial Al 2 O 3 reaction layer is not continuous; otherwise after pre-oxidation, the un-scaled region would have only comprised Al 2 O 3 . This is unexpected since during mechanical separation of the test bar from the mold following casting, intermittent delamination of the reaction layer from the surface of the bar is most likely to occur owing to its poor adherence to the metal substrate. (b) Pre-oxidation in Ar was done on both as-cast (unblasted) as well as using blasted specimens; in the latter case, the surface is devoid of any oxide after [21] It is clear that the growth kinetics of aAl 2 O 3 is the most stable polymorph in orders of magnitude smaller than that of NiO or CoO. Therefore, the coverage of a-Al 2 O 3 across the surface is non-uniform, and regions termed as ''bare metal'' have actually discontinuous or patchy oxide regions, compared to a continuous layer in other regions. This accounts for the prominent back-scattered signal arising from the metal in Figure 5 (a), which corresponds to a BEI from the surface. Slices cut perpendicular to the surface through the bright and gray regions in Figure 5 
C. Conditions Affecting Microstructure Evolution within the Surface Layer
Since vaporization of both Ni and Al is occurring from the surface of the sample, by manipulating the local conditions at the surface of the test bar, the vaporization rate can be altered. One such method is the use of sacrificial Ni-foil interspersed between test bars that would result in Ni loss occurring principally from the surface of the foil and thereby altering the Ni vaporization from the sample. Another method relies on the growth of a dense oxide such as Al 2 O 3 prior to solutioning, which presents a barrier to elemental loss from the surface.
D. Ni-Foil
The surface microstructure observed in this case showed some clear differences compared with that presented in Figure 1 . Neither surface undulation nor Figure 6 (a), where unlike in Figure 1 , only two layers are observed. The outermost layer comprises c¢ and refractory-rich precipitates, and the morphology of these phases is less blocky. The condensate and the intermediate layer are notably absent, compared with Figure 1 . Some evidence of re-crystallisation was also observed. The EBSD derived IPF map in Figure 6 (b) shows that like in the previous instance the surface layer was polycrystalline; however, a marked reduction in the extent of micro-structural instability occurs at the surface. Two important points should be emphasised; (a) This is clear evidence of the role of vaporization in the evolution of the surface phases-by increasing the amount of Ni that can vaporize from the sacrificial foil, vaporization from the test bar surface was suppressed. (b) Morphological instability is only restricted to the surface, despite the presence of un-dissolved interdendritic phases within the bulk or the sporadic existence of eutectic phases across the surface of the bar. This categorically demonstrates that the development of micro-structural instability at the surface is markedly independent of alloy composition.
E. Pre-Oxidation
As mentioned in the preceding section, altering the nature of the surface oxide can have a pronounced effect on the extent of vaporization. Pre-oxidation in Ar to form Al 2 O 3 is another such method. Figure 7 ¢ layer below growing into the substrate. Since the extent of coverage of Al 2 O 3 is non-uniform following pre-oxidation prior to solutioning for the given conditions ( Figures 5(a) , (b), (c)), this is expected to be less effective in suppressing elemental vaporization from the surface compared with the use of sacrificial Ni-foil during solutioning. Also, fragmentation of this intermediate layer during subsequent metallographic sample preparation is evident, i.e., delamination of the intermediate layer from the polycrystalline c¢ layer during quenching [cracked interface in (Figure 7(a)) ]. This is not surprising, given the differential volumetric contraction between c¢ and b phases. [22] It should also be pointed out that the as-cast surface is covered by two types of oxide, i.e., a thermally grown duplex oxide (Figures 3(a) through (c) ) corresponding to the scaled region and an Al 2 O 3 reaction layer referring to the un-scaled region.
Reaction between the Al in the alloy and SiO 2 prime coat of the mold wall (in contact with the metal) resulting in the formation of Al 2 O 3 , as detailed in Reference 17. This corresponds to the un-scaled region. On the other hand, when the metal separates from the mold wall in certain regions (where the Al 2 O 3 layer is now retained on the mold surface owing to lack of adherence with the metal), subsequent oxidation of the ''bare'' surface occurs resulting in the formation of a mixed oxide (transient oxidation of elements such as Ni, Co, Cr, and Al), resulting in loss of these elements from the surface.
However, there is no effect of de-alloying on the microsstructural instability that develops at the surface following subsequent heat treatment. Similar solutioning experiments were carried out on test bars with blasted surfaces, where the surface oxide, as well as upto 50 lm of substrate beneath was mechanically abraded. A morphological instability identical to that presented in Figures 1(a) through (d) develops at the surface. The evolution of the surface morphologies was therefore independent of whether the surface was as-cast (unblasted) or blasted.
IV. DISCUSSION
A. Role of Oxidation and Vaporization
The as-cast surface is characterized by two different types of oxide. A portion of the surface is covered by a duplex oxide-an outer NiO and internal mixed spineltype and referred to the ''scaled'' region. The remainder of the casting surface comprises an Al 2 O 3 reaction layer and referred to as the ''un-scaled'' region. The latter arises as a reaction product from the reaction; 4Al ðLÞ þ 3SiO 2 ¼ 2Al 2 O 3 þ 3Si ðLÞ , where the casting remains in contact with the mold wall. The subscript refers to the element dissolved in the liquid alloy, while SiO 2 constitutes the binder in the ceramic shell system forming the mold cavity, which is in contact with the liquid metal. However, following solutioning, the only observed oxide is Al 2 O 3 , i.e., there is the marked absence of the outer NiO.
The thermodynamic stability of NiO is dependent on the O 2 partial pressure and de-stabilization of NiO can arise from either;
For the oxidation of Ni, [23] Ni s
Therefore, for p O2 < p O2 Eqlb ð Þ, dissociation of NiO will occur.
Likewise, for volatilisation of NiO;
Volatilisation of NiO can be considered from a combination of two reactions; dissociation of NiO and vaporization of Ni, i.e., Ni s ð Þ ! Ni g ð Þ. For Ni vaporization, [12] Ni 
½3
Therefore, for p Ni < p Ni (Eqlb), vaporization of Ni or NiO or both will occur.
In Figure 8 , the partial pressure of O 2 and Ni corresponding to dissociation of NiO and vaporization of NiO and Ni are plotted with temperature (Eqs. [1a], [2] and [3] À7 atm (b) The total pressure in the furnace chamber (P) = 2 9 10 -4 atm. This is predominantly the pressure of Ar (P~p Ar ); i.e., p O2 is at least an order of magnitude smaller (i) At the solutioning temperature, p O2 > 4. À8 atm < p Ni < 5.5 9 10 À7 atm in the temperature range; 1523 K (1250°C) < T < 1633 K (1360°C) (Eq. [3] ). It follows therefore that for the typical O 2 partial pressures in the furnace chamber; either NiO will dissociate, or vaporization of NiO is most likely to occur and this phenomenon is more pronounced with increasing temperature. This is consistent with the experimental observations of the absence of NiO after solutioning.
The loss of NiO will subsequently facilitate vaporization of Ni, Co, and Cr from the surface of the bar. However, within the scaled region of the surface, there also exists an inner mixed spinel layer, which is also markedly absent from the surface of the bar. Oxidation studies in CMSX10 have reported the presence of mixed oxides such as, (Ni,Co)Ta 2 O 6 , (Ni,Co)WO 4 , CrTaO 4 , and Cr(Mo,W)O 4 [24] ; some of these elements have also been detected in the duplex oxide scale (Figure 3(c) ), albeit it was not possible to uniquely identify these mixed oxides. The absence of these oxides suggests that these have dissociated, but it is not possible to do detailed calculations owing to scarcity of reliable thermodynamic data, as well as not being able to uniquely identify the types of oxides. The un-scaled region on the other hand comprises Al 2 O 3 ; therefore, the key aspect that needs to be addressed is vaporization in the presence of Al 2 O 3 . Two possibilities are critically examined; (a) Vaporization through Al 2 O 3 -A number of crystallographic polymorphs of Al 2 O 3 exist depending predominantly on the oxidation temperature. The rhombohedral R3-c a-Al 2 O 3 allotrope is the thermodynamically stable form stable form, which the other transitional phases will eventually convert to at given time and temperature. [25] It was not possible to determine the nature of Al 2 O 3 , owing to the thickness, <1 lm in our experiments. One possibility therefore, is that in the case of c or h-Al 2 O 3 , which grow at the oxide/gas interface (Al is transported to the surface), it might be possible for vaporization to occur, with elemental transport occurring via the Al 2 O 3 grain boundaries. Figure 9 (a) is a BF STEM micrograph through the Al 2 O 3 layer showing the presence of three grains and two grain boundaries. A comparison of EDS spectra obtained from at a grain boundary and within a grain is presented in Figure 9 (b). No significant differences are observed between the spectra collected in these two locations. Please note that the sum peaks in Figure 9 (b) arise because of the addition of the O and Al signals owing to the very high number of counts. Small peaks corresponding to Ni and Cr are also observed in the spectra. These peaks are most likely to have been generated from stray electrons interacting with the ''thick'' Ni-base alloy which is located at the side of the electron transparent Al 2 O 3 region of interest. A similar process also leads to a Cu signal arising from the grid that the TEM sample is attached, as in Figure 3 (b) and (c). This fact is further reinforced by the EDS line-scan that traverses the grains and grain boundary, where the number of counts for Al and O (Figure 9(c) ) is at least two-orders of magnitude greater than for Ni, Co, and Cr (Figure 9(d) ). It can be concluded therefore that the grain boundaries are not providing a short-circuit path for transport of the vaporizing species. (b) Fracture of Al 2 O 3 during heating-Fracture of the oxide layer during heating to the solutioning temperature can result in mechanical de-bonding of the oxide from the surface and thereby facilitate vaporization. This mechanism was investigated by changing the ramp-rate. A twofold decrease in the heating rate upto the maximum solutioning temperature was adopted. However, no change in the surface morphology was observed. This is not unexpected since oxide spallation is driven by a significant biaxial compressive strain developed inplane as a result of the coefficient of thermal expansion mismatch between substrate and oxide. This in turn leads to two locally discrete methods
Fig. 8-Plot of critical partial pressure of oxygen to prevent dissociation of NiO with temperature and vapor pressure of Ni for sublimation of Ni and NiO corresponding to a range of oxygen partial pressures.
for de-bonding, i.e., buckling or wedging. [26] However, such a stress/strain state will only occur during cooling and not during heating.
It follows therefore from (i) and (ii) that elemental loss must necessarily occur from a surface that is devoid of Al 2 O 3 . In fact, this is borne out by our results-in the case of the scaled region, there is only the occurrence of the duplex oxide; i.e., outer NiO and inner mixed Ni Al Cr Ta oxides. In the un-scaled region, notwithstanding the presence of Al 2 O 3 , there is clear evidence that this reaction layer is not continuous. This aspect is further confirmed by the Ar pre-oxidised experiment, where a similar situation occurs, i.e., the coverage of Al 2 O 3 is not uniform. Elemental vaporization ceases, when a continuous Al 2 O 3 layer is formed, which is observed on the surface of the solution heat treated test bar.
B. Sequence of Microstructure Evolution at the Surface
There is a marked variation in the phase evolution at the surface of the test bar; i.e., intermediate layer, as in Figure 1 , comprising a b matrix with c¢ platelets and refractory-rich (W and Re) phases, while the layer beneath comprises c¢ phase and blocky refractory-rich precipitates. After solutioning, there is micro-structural instability that develops at the surface. The sequence of evolution of the morphologies is presented in Figure 1(a) . Neglecting the b-condensate layer that forms above the surface, within the surface layers there is the occurrence of the intermediate layer, as in Figure 1(a) , comprising a b matrix with c¢ platelets and refractoryrich (W and Re) phases, while the layer beneath comprises c¢ phase and blocky refractory-rich precipitates. Solutioning is carried out in the c-phase field; therefore, at 1633 K (1360°C), the microstructure comprises c-phase with intermittent un-dissolved c/ c¢eutectic channels that intersect the surface and in some cases a layer of eutectic proud of the secondary dendrite arms. [18] During solutioning (ramp-up and isothermal hold), there is a phase transformation that occurs within the outermost surface layer; c fi c¢fi b. De-stabilization of c-phase requires significant depletion of Ni where in the preceding section, it has been shown that this Ni loss occurs through vaporization. The Ni loss cannot be accurately assessed, since the Langmuir equation does not consider elemental interactions in case of non-ideal solutions and only deals with vaporization in vacuum. From Figure 8 , it is clear that vapor pressure increases with temperature and beyond 1523 K (1250°C), p Ni for both elemental vaporization of Ni or volatilisation of NiO~[10 À8 -10 À7 ] atm. Therefore, vaporization will occur at temperatures approaching the final solutioning temperature. Importantly, however, Ni loss from the surface would lead to subsequent solute re-distribution within the surface layers, so if vaporization kinetics are known, this can be coupled to solute diffusion equations to determine the phase evolution sequence within the substrate. However, unlike in the case of oxidation-where oxidation kinetics can be coupled with solute diffusion to determine the evolution of phases [27] -coupling of elemental loss with diffusion in the substrate is formidable for two principal reasons; (i) the vaporization rate is not constant, when more than one element is involved and elemental interactions occur and (ii) limited existence of experimental diffusion data in the case of congruently melting c¢ and b-phase. [28, 29] Therefore, to predict the phase evolution sequence, a simplified first-order approach will be adopted, where the processes of vaporization and resultant diffusion in the substrate will be considered independently.
The Ni-foil experiment is first considered. In this case, the distinct absence of the b condensate indicates that the principal vaporizing species is Ni and which simplifies the approach. Since the surface polycrystalline layer comprises c¢ and refractory-rich (W and Re) precipitates, an averaging approach can be adopted as described. Defining a ratio where perfect mixing is assumed to occur between layers of thickness 1 (depth of layer from where Ni loss occurs) and a (layer of substrate), resulting in a new composition in a layer of thickness [1 + a] . By using such an averaging approach, the kinetics of diffusion between the two layers can be incorporated through the term ''a'', which is the width of the substrate; as the extent of inter-diffusion increases, a ) 1. The phase evolution is then determined corresponding to the composition of the region with thickness [1 + a] . This approach tacitly assumes that since the loss of Ni from the surface layers will result in an increased mole-fraction of all other elements, stabilization of c¢ results in incorporation of Al and Ta within c¢, while excess Cr, W, and Re are incorporated within the refractory-rich precipitates, such that mass balance is maintained. For the substrate composition, the nominal composition is considered, since it is clear from the experiments that microstructural instability occurs across the surface and independent of the surface composition. The phase distribution was calculated with the TTNI8 database using the Thermo-Calc software. [30] A summary of the phase evolution is presented in Table II , where for a £ 2, extensive melting (>50 pct) is predicted at the solutioning temperature. On quenching, a Scheil-type freezing can be assumed (very limited back-diffusion in the solid; Scheil assumes absence of back-diffusion), where the phase fraction for remnant 10 pct liquid is calculated and shows the marked de-stabilization of c phase. However, a melted and subsequently re-frozen microstructure should necessarily have resulted in cellular growth morphology, with the cells growing from the unmelted substrate to the surface. The observed morphology is not in consonance with this requirement; here, the growth occurs from the surface into the substrate and hence categorically precludes the occurrence of melting. An increasing extent of inter-diffusion with the substrate during isothermal hold, 2 < a £ 4, shows a marked dissolution of c phase at the solutioning temperature, but with clear absence of melting. In fact, the phase fraction at 1273 K (1000°C) shows the presence of PPhase (W and Re-rich) and >85 pct c¢, with <10 pct c. In fact remnant c-phase is observed in Figure 6 (a), where c-channels are present within c¢-grains, as highlighted. This microstructure is markedly different from that observed within the bulk, which shows a nearcuboidal c/c¢ morphology, with c¢~70 pct, which is the desired microstructure for high-temperature creep strength.
In the case of the open-boat sample, it is not straightforward to adopt the procedure as in the previous case owing to the following reasons; transformation but a simplistic treatment for this case is not straightforward. Ni loss from c¢ (enriched in Ta and Al) will result in stabilization of b (enriched in Al); however, b has no solubility for Ta, requiring Ta diffusion into the bulk and therefore requiring a kinetic model, which is lacking in this treatment.
There are two aspects that are worthy of mention. First, the formation of b phase because of Ni-depletion is not unexpected; in fact it is worth pointing out that a study has reported the stabilization of b phase owing to the formation of NiO as a precursor to internal oxidation of CMSX10 at temperatures below 1273 K (1000°C), [19] although the extent of coverage is not as extensive as in our experiments. Second, the de-stabilization of c phase at the surface resulting in a c¢ and TCP phase mixture is also commonly encountered during the aluminisation of Ni aerofoils typically at 1373 K (1100°C). [31, 32] Importantly in this case, the precipitate morphology is typical needle-shaped; this is also not surprising since the nucleation and growth of these precipitates occur at grain boundaries, and further, growth is driven by solute diffusion along the grain boundary, which is characteristic of discontinuous precipitation. [33] In the present experiments, it is clear that the nucleation and growth are volume-diffusion controlled, as these morphologies are observed at the solutioning temperature, 1633 K (1360°C), where volume-diffusion predominates.
While formation of b phase (intermediate layer) can be rationalised by Ni loss, there is also the distinct presence of the b condensate (top layer), which is observed on top of the test bar surface and it is clear that this condensate formed on the surface during quench. Once b phase has formed at the surface, subsequently vaporization of Al also occurs from b phase, owing to the increased activity of Al, as has been reported. [34] vaporization of Al will result in subsequent de-stabilization of b phase leading to nucleation of c¢-phase, and this platelet or lamellar morphology is distinctly observed within the outer zone at the surface of the test bar. Also, inter-diffusion of Al between the outer surface layer and the substrate will occur and this in turn would result in de-stabilization of c-phase in the substrate, and the excess W and Re will be accommodated by refractory-rich precipitates. However, neither vaporization of Al nor inter-diffusion of Al has been taken into account in the present work. The reason for the latter arises from the lack of necessary diffusion data of multi-component b and c¢ phases. The assessment of the vaporization of Al requires vapor pressure corresponding to b phase at elevated temperatures. Both of these aspects will be considered in a subsequent study.
Finally, a very important point is worth emphasising. The only oxide observed after solutioning is Al 2 O 3 . In all the calculations quantifying the thermodynamic driving force for vaporization (Figure 8 ), the presence of Al 2 O 3 covering the surface has been neglected. This can be rationalised as follows-Oxide growth kinetics as given by the parabolic rate constant, k P is significantly retarded in a-Al 2 O 3 compared with other oxides, such as NiO or CoO. [20, 21] In fact, initially transitional Al 2 O 3 forms by outward cation (Al 3+ ) diffusion and eventually a-Al 2 O 3 forms by internal oxidation, which is anion (O 2À ) controlled. Therefore, as long as there is no ''continuous'' coverage of the surface by Al 2 O 3 , vaporization will occur. Both vaporization and oxide formation therefore occur competitively, with vaporization dominating. The curves calculated in Figure 8 therefore correspond to regions where a ''protective'' layer of Al 2 O 3 has not formed. As the extent of Al 2 O 3 coverage increases, the kinetics of vaporization decreases.
V. CONCLUSIONS
1. The development of micro-structural instability at the surface during solution heat treatment of a typical third-generation Ni-base superalloy, CMSX10N has been studied. 2. Vaporization of Ni occurs from the surface during solutioning in an Ar atmosphere, and subsequent solute re-distribution leads to de-stabilization of c phase. 3. With increasing extent of vaporization, a phase mixture of b, c¢, and the refractory (W and Re-rich) precipitates occur within the surface layers. 4. Conditions at the surface have a marked effect on the vaporization kinetics and subsequent evolution of phases. The presence of a dense oxide such as Al 2 O 3 or the presence of sacrificial Ni-foils interspersed in the furnace significantly suppresses elemental vaporization from the sample surface. 5. Thermodynamic calculations have been carried out to quantitatively describe the phase evolution during solutioning and after quenching.
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